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Abstract: We investigate stringy excitations in Randall-Sundrum effective theories
for electroweak symmetry breaking arising from embedding in string theory. RS is
dual to a confining gauge theory, which we expect to have “QCD strings,” or color
flux tubes. Stringy constructions of RS-like theories allow us to investigate the mass of
these string states, which typically grows with a small fractional power of the number
of colors N of the dual gauge theory. There are two known strong constraints on N
for RS-like theories. The first arises from demanding that the Standard Model gauge
couplings do not have a Landau pole at low scales. The second arises from demanding
that the first-order confining phase transition in the early universe is able to proceed
without leaving an empty universe, i.e. that the rate of bubble nucleation is not too
small. We find that these constraints on N imply that string states are generically
at most a factor of a few heavier than the lightest KK states, and we cannot self-
consistently remain in the limit N, λ  1. We examine various string constructions
of AdS or RS-like backgrounds, including orbifolds, theories on M5-branes, theories
on D4-branes, and the recent F-theory construction of Polchinski and Silverstein. In
every case we find that there are strong bounds on the mass of new stringy states. We
briefly discuss important phenomenological implications due to the presence of such
light stringy excitations, such as precision electroweak and flavor observables, as well
as collider signals.
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1. Introduction
Supersymmetry and compositeness are two main scenarios of possible solutions of the
hierarchy problem. The AdS/CFT correspondence [1, 2, 3] has opened up new per-
spectives on the compositeness scenario. Many important model building efforts have
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been carried out in the Randall-Sundrum scenario [4], which is a weakly coupled dual
description of the strongly coupled near conformal dynamics which generates a com-
posite scale around TeV [5]. A pedagogical introduction, with references to much of
the literature, can be found in Ref. [6]. Being a low energy effective description, the
RS setup needs an UV completion to become a full solution to the hierarchy problem.
In this article, we will focus on implications of string theory as such a UV completion.
There are in principle two different embeddings of the Standard Model in such a
UV completion. It is possible that the Standard Model gauge symmetries are emergent
from strong dynamics. This is similar to RS1 with all SM gauge and matter fields
localized on the TeV brane. UV completion of such theories is perhaps similar to the
Klebanov-Strassler scenario [7]. We will not focus on this scenario in this article.
We will concentrate on possibility that the SM interactions come from weakly
gauging the global symmetries of the nearly conformal strong dynamics. This is a
common property of large classes of technicolor and composite Higgs models. Due to
the AdS/CFT correspondence, this is equivalent to putting the SM gauge fields in the
RS bulk [8, 9]. Many properties of the TeV composite states can be inferred, such as
the existence of KK excitations of the SM particles. In this paper, we would like to
argue that a stringy UV completion generically implies the existence of an additional
set of stringy resonances which is not significantly heavier than the commonly studied
KK resonances. These may be thought of as the “QCD strings” or confining flux tubes
of the RS sector.
Our arguments consist of two main steps. First, the AdS background is a dual
description of some large N gauge theory. The ratio of four-dimensional masses of
stringy resonances and KK modes is
mstr
mKK
=
RAdS
ls
= aN δ (1.1)
where RAdS is the AdS radius, and ls =
√
α′ is the sting length.1 Typically, a is of
O(1), and δ is some small fractional power. For example, a = (4pigs)1/4 and δ = 1/4 in
the original AdS5 × S5 (in the calculable limit RAdS  ls).
Next, we provide two separate arguments that for a consistent and phenomenolog-
ically viable model in this category, N is at most O(10). First of all, we expect the
Standard Model gauge couplings to remain perturbative above the TeV scale. Other-
wise, they will be an integral part of the strong dynamics rather than weakly gauging
its global symmetry. Generically, we expect the β-function for the Standard Model
gauge couplings is proportional to N . Hence, perturbativity implies an upper bound
1We explain in detail how bulk length scales relate to four-dimensional masses in Appendix A.
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on N . Second, the RS sector has a deconfinement phase transition at the TeV scale. If
N is too large, this transition is too strongly first-order, and cosmology has an empty
universe problem. Both of these arguments have been made in the Randall-Sundrum
context [10, 5, 11, 12, 13, 14]. The main focus of this paper will be providing details
of these two arguments, and investigating possible ranges of the ratio mstr/mKK. We
focus on various stringy implementation of this type of model, setting aside orthogonal
issues that make stringy UV completion of nonsupersymmetric RS a challenge [15, 16].
Of course, string theory on Ramond-Ramond backgrounds and highly curved spaces
is not under theoretical control. Our approach is to perform a self-consistency check.
We examine the relationship between N and mstr/mKK in the weakly curved (su-
per)gravity limit where all the string excitations are decoupled. We will see that ap-
plying the bounds on N implies strings states are light enough that the gravity limit
with only KK modes only has a very limited regime of validity, and string excitations
should be relevant for low energy observables.
Remarks that bounds onN set limits onmstr/mKK have appeared in a few places: in
the context of hidden valley models, it was pointed out that even quite large λ ∼ 100 is
not enough to completely decouple strings [17]. More recently, two studies of particular
types of stringy resonances in Randall-Sundrum models have appeared. The first gave
roughly the above argument and claimed that a spin-3/2 stringy excitation of the top
quark is likely to be the lightest string resonance [18], while the second studied spin-2
reggeons [19] that were argued to lie not too far above the TeV scale.
Instead of string theory, one might also consider a UV completion of RS based
on the idea of deconstruction [20, 21]. However, as this type of completion does not
incorporate gravity, it is not clear whether it is necessary to consider approximating a
warped space. Hence, we will treat this direction, while certainly interesting to explore,
as orthogonal to the type of scenario considered here.
This paper is organized as follows. In section 2, we review the bounds on N from
perturbativity and the first order phase transition. In Section 3, we study specific
bounds on the ratio mstr/mKK in a set of possible string theory UV completions. We
provide an alternative argument based on the behavior of a 4D confining potential
in Section 4, which leads to a similar conclusion. We outline the implications to the
phenomenology of TeV scale new physics in Section 5. Section 6 contains our conclusion.
2. Phenomenological Bounds on Number of Degrees of Free-
dom
In this section we will review some bounds on the number of TeV-scale degrees of
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freedom that are coupled to the Standard Model in technicolor-like theories.
2.1 Bounds from the Perturbativity of SM Gauge Couplings
We consider a new strongly-interacting sector which has a group of global symmetries,
some of which are gauged by the Standard Model gauge bosons. For instance, a QCD-
like technicolor sector would have a global symmetry SU(2)L× SU(2)R× U(1)B, a
subgroup of which is gauged by the SM SU(2)L× U(1)Y . We imagine that the SM
gauge interactions are a weak perturbation of the dynamics of the strongly-interacting
sector. At leading order in the weak SM gauge couplings, the Standard Model gauge
beta functions are modified by the two-point function of the global symmetry current
in the strongly-interacting sector. For instance, if the strongly-interacting sector is a
pure CFT, then we would have (exactly in the CFT, and at leading order in the SM
gauge coupling):∫
d4x e−iq·x 〈Jµ(0)Jν(x)〉CFT = −
bCFT
16pi2
(
q2gµν − qµqν
)
log q2. (2.1)
Then, the SM gauge coupling at low energies Q is given by
8pi2
g2(Q)
=
8pi2
g2(ΛUV)
+ (bSM + bCFT ) log
ΛUV
Q
(2.2)
If the strongly-interacting sector is not conformal, then in general the running of the
gauge coupling induced by the strong sector is not precisely logarithmic. This subtlety
is not important for our purpose, since above a threshold set by the scale of the mass
gap in a confining strong sector, the running is logarithmic to good approximation.
Now the key argument is that bCFT should not be too large, or the Standard Model
gauge interactions will very rapidly become strongly interacting above the scale of the
lightest states in the strong sector. We wish to avoid hitting a Landau pole at scales
that are just above the weak scale, and possibly even far above the weak scale. For one,
it would imply that the SM gauge interactions are not really a weak perturbation of
the strong sector, so that there is a complicated theory of multiple strongly-interacting
gauge groups with dynamics that we cannot solve. For another, it would suggest that
the SM gauge bosons should probably be thought of as composites, as in Seiberg duality
[22]. This is a perfectly reasonable possibility to consider [23, 7, 24], but it would lead
us to theories that are conceptually very different. The existence of a Landau pole
bound is implicit in the early RS literature that understood the matching of 4D and
5D gauge couplings as corresponding to logarithmic running due to CFT degrees of
freedom [10, 5], and was made fully explicit in discussions of GUTs in RS [11, 12].
Now, the precise bound on bCFT depends on which scale a Landau pole is acceptable
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Figure 1: Bound on bCFT as a function of the scale Λ below which we forbid a Landau pole.
at, as shown in Figure 1. For example, if the mass scale where the strongly interacting
sector begins is at 1 TeV, and we wish to explain a large hierarchy, up to say 1015 GeV,
then to avoid a Landau pole for SU(2)L we have:
bCFT ≤ 8pi
2
g2(ΛTeV)
1
log 1012
+
10
3
≈ 10. (2.3)
The 10/3 is from b2 = −10/3 in the Standard Model, after subtracting the Higgs
contribution of +1/6, since its role is replaced by the strongly-interacting sector. If
some of the Standard Model fermions are composites, or if there is still an elementary
Higgs field, the computation changes appropriately, but the bound remains O(10). The
bound weakens in the “little Randall-Sundrum” scenario that gives up on explaining
the large hierarchy, with flavor bounds in mind [25].
For a theory of electroweak symmetry breaking, we need not assume that the
SU(3) color interaction gauges a global symmetry of the strongly-interacting sector, so
the most generic constraint is the one from SU(2)L. On the other hand, most Randall-
Sundrum models in the literature do assume that the full Standard Model gauge group
is a subgroup of the global symmetry group of the strongly-interacting sector, because
it gives a nice way of dealing with flavor. In these models, there is a constraint on bCFT
for the SU(3)c currents as well, which numerically is very similar (the QCD coupling is
larger but its SM beta function is more asymptotically free).
Naively, if the strongly-interacting sector is some large-N gauge theory, we expect
that bCFT arises from matter that is charged under the SU(N) symmetry and under a
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global symmetry. If that matter is in the fundamental of SU(N), then bCFT ∼ N , and
in other representations bCFT scales even faster with N . In this case, the bound we
have discussed (in the case of a large hierarchy) implies that N <∼ 10. However, there
are cases where bCFT is O(1) rather than O(N) or larger [26]. We will revisit this point
below, but first we turn to an independent phenomenological bound which applies to
the total number of degrees of freedom.
2.2 Bounds from First-Order Phase Transition
A second bound on the number of new degrees of freedom near the TeV scale arises
from cosmology. It depends on the assumption that the universe was at some point
at a temperature above the scale of the deconfinement transition in the new strongly-
interacting sector. The highest temperature for which we have convincing data is
around 4 MeV from nucleosynthesis [27], so if one assumes that the universe was never
reheated to scales above the deconfinement transition, one can avoid this bound. On
the other hand, unlike the bound on bCFT , the cosmological bound gives a constraint
on the total number of degrees of freedom in the strong sector, not just those that are
gauged by the SM interactions. In particular, it gives a bound on N even in cases
where bCFT ∼ 1.
A clear and general discussion of the electroweak phase transition, and associated
cosmological difficulties, for large N gauge theories was given in Ref. [14] (see also
earlier remarks on cosmology and finite temperature in RS in Ref. [5]). The key point
is that for large N gauge theories, the confining phase transition is first-order (where,
in practice, “large N” means N >∼ 3), and so proceeds by bubble nucleation. In the
deconfined phase, the free energy scales with N2 (the number of gluons). The phase
transition becomes more strongly first order with larger N , and the transition rate
goes as e−N
2
, so if N is large the bubbles never collide. Such theories have the “empty
universe problem.”
To understand the scaling, we should review the physics of the phase transition
in the dual gravity picture. It is a Hawking-Page transition [28], which was related to
deconfinement transitions in gauge theory early in the AdS/CFT literature [3, 29]. In
the canonical ensemble for AdS spaces, there are two solutions with the right asymp-
totics: a “thermal AdS” (i.e. AdS compactified on a thermal circle), and an AdS-
Schwarzschild solution. In AdS spaces dual to confining gauge theories, where the
space ends at z = zIR, the phase transition occurs when the black hole horizon of the
AdS-Schwarzschild solution falls behind the wall associated with confinement. Thus,
at high temperatures, we have a gauge theory plasma, dual to a thermal AdS space;
at low temperatures, we transition to the theory of hadrons with masses set by the
location of the hard wall. This geometric picture makes it clear that the critical tem-
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perature should be associated with the scale of the light “KK mode” hadrons, not with
parametrically heavier stringy states. In particular, for the hard wall model, the criti-
cal temperature can be calculated (by evaluating regulated 5D actions I5D for the two
classical geometries, proportional to free energies) to be [30]:
Tc = 2
1/4/(pizIR). (2.4)
At the phase transition, the entropy density changes from O(N2) at high temperatures
to O(1) at low temperatures, reflecting the binding of gluons and quarks into hadrons.1
The change in vacuum energy scales as O(N2)z−4IR . In particular, for the hard-wall
model, one can calculate the change in vacuum energy at the transition using Evac =
− ∂
∂β
logZ = ∂
∂β
I5D (where Z is the partition function and β the radius of the thermal
circle) [31]:
∆Evac =
16M35R
3
AdS
z4IR
=
8
pi2
c
1
z4IR
. (2.5)
Here c is the central charge of the CFT dual to our AdS background. We have a bubble
nucleation rate Γ ∼ z−4IR e−O(N
2) and a Hubble scale set by H2M2Pl = ∆V ∼ N2z−4IR .
Unfortunately, we can’t analytically calculate the bounce action for the instanton that
creates bubbles of the confined phase within the deconfined plasma, so we can at best
give a bound up to an order-one number. The bound set by requiring that bubbles
collide is Γ>∼H4, i.e.
a0z
−4
IR exp
−a1c > c2z−8IRM
−4
Pl , (2.6)
with a0, a1 unknown order-one numbers. That is, as a bound on the central charge:
Nd.o.f. = c<∼
1
a1
(4 log(MPlzIR) + log a0 − 2 log c) . (2.7)
For convenience, we will simply quote this as a bound at a0 = a1 = 1 and MPlzIR = 10
16:
Nd.o.f = c<∼ 140, (2.8)
with the understanding that this is subject to uncertainties and unknown order-one
dependence on details of the background. (In particular, “order-one” in this context
means not scaling with N ; without an understanding of the bounce action, we are not
able to make definite statements about large factors like 4pi, so the cautious reader
1M5-brane theories have O(N3) degrees of freedom, but for the moment our discussion assumes a
more traditional gauge theory.
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interested in concrete numbers may prefer to focus on the Landau pole bound.) For
typical string backgrounds, bCFT ∼ N and c ∼ N2, so the two bounds 2.3 and 2.8 are
comparably strong.
Our discussion has focused on the case of hard-wall models, and we have not asked
how the geometry is stabilized. The electroweak phase transition in Randall-Sundrum
theories stabilized by the Goldberger-Wise mechanism was considered in detail in refs.
[13, 32], and [33]. Such theories have a radion parametrically lighter than other modes,
and its effective potential can be analyzed, leading to some surprises. In particular, the
scaling of various quantities with N is not always as expected from simple field theory
considerations. We expect that the hard wall estimate above is a very good guide to
theories where a mass scale is introduced explicitly through relevant operators. For
theories with logarithmic running leading to confinement, e.g. Klebanov-Strassler [7],
we also expect the estimates above to be a better guide than GW-like models. An
approximate calculation has been carried out for a Klebanov-Tseytlin throat, which
bears out this expectation [34]. In particular, the bound thus obtained is: N2IR =
27pi2
4g2s
(M5RAdS(zIR))
3 ≤ 21, where NIR should be interpreted as the number of effective
degrees of freedom at the bottom of the throat. This suggests that our bound 2.8 may
be an overestimate.
3. Scales in AdS in string compactifications
In this section, we study a set of string compactifications with warped throats. In each
case, we calculate the ratio mstr/mKK as a function of N . To incorporate the bounds
from perturbativity, we also compute the low energy gauge coupling as a function of
string coupling and N .
We emphasize that our main result is that mstr and mKK are generically not para-
metrically separated if N is not formally large. Although we exhibit numerical estimates
of mstr/mKK for simple cases, we will demonstrate our point by showing its dependence
on the scaling of the underlying parameters in more involved examples.
3.1 Generalities
We begin by considering a general theory that looks like AdS5 times a d-dimensional
internal space, where d might not be 5. The 5d Planck scale is:
M35 ∝
Vold
g2s l
3+d
s
(3.1)
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At the same time, calculation of the conformal anomaly using gravity in AdS5 leads to
[35]:
Nd.o.f = c = 2pi
2M35R
3
AdS (3.2)
From equations 3.1 and 3.2, we obtain
RAdS
ls
∝
(
g2sNd.o.f
vd
) 1
d+3
(3.3)
where vd = Vold/R
d
AdS is the volume of the internal manifold in the units of RAdS.
This suggests that the way to achieve an AdS curvature radius that is large in string
units is to try to shrink the internal volume (relative to the AdS size) or to increase
the number of degrees of freedom. In fact, the volume of the internal space and the
number of degrees of freedom are not decoupled, as we will see momentarily. We also
see the potential difficulty of achieving this due to the fractional power 1/(d + 3) on
the right hand side.
3.2 Einstein Manifold
We begin with the simplest class of examples with AdS5×M5 where M5 is an Einstein
manifold, which includes the original case M5 = S
5. AdS5 is the near horizon limit of
a stack of N D3 branes. There are N units of flux on the internal manifold M5. The
Standard Model matter and gauge fields can be added by including D7 branes wrapping
around a 3-dimensional submanifold of M5, for example an equatorial S
3 ⊂ S5 [36].
(For a discussion of RS-like phenomenology with D7 branes, see ref. [37].)
Reducing the 10d gravity action on M5, we obtain 5d Planck constant as
M35 =
1
(2pi)7g2s l
8
s
VolM5 . (3.4)
Consider first the simplest case where M5 = S
5 with radius R. In this case, we have
the well-known relation
R4AdS = R
4 = 4pigsNl
4
s . (3.5)
We can also obtain the same relation by considering the number of degrees of freedom
and using AdS/CFT. We expect Nd.o.f ∝ N2 on the CFT side. Using Eq. 3.2, we have
N2 ∝ R3AdSM35 ∝
R8AdS
g2s l
8
s
, (3.6)
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which again implies Eq. 3.5. This relation highlights the condition of having a tractable
effective field theory: string states are parametrically heavier than the supergravity
states, by a factor (gsN)
1/4  1.
For a more general Einstein manifold M5, stabilized by N units of flux (arising
from D3 branes at the tip of a cone over M5) we have [38]
R4AdS = 4piNgsl
4
s
pi3
vM5
, (3.7)
where vM5 is the volume of M5 in units of RAdS, and vS5 = pi
3. Therefore, the mass
ratio of string modes and KK modes in this background is
mstr
mKK
=
RAdS
ls
=
(
4pigsN
pi3
vM5
)1/4
. (3.8)
As discussed earlier, this ratio can be increased either by increasing N or pi3/vM5 , or
both. Typical examples of M5 are: S
5 with vS5 = pi
3; S5/Z2 with vS5/Z2 = pi
3/2; or the
conifold T 1,1 with vT 1,1 = 16pi
3/27, all of which contribute at most an order 1 factor
to this ratio. S-duality of IIB string theory implies that gs = 1 is the largest sensible
value of the coupling, so we cannot increase mstr/mKK indefinitely by increasing gs.
For the purpose of setting the cosmological bound, it is more convenient to use a
different, equivalent formulation of equation 3.8, making use of eq. 3.2:
c =
(
R4AdS
8pil4sgs
)2 (vM5
pi3
)
. (3.9)
Note that this is a general result which can also be used in other kinds of compacti-
fications. It depends only on geometry, not on a stabilization mechanism. Then the
bound (2.8) from avoiding the empty universe problem gives a constraint:
mstr
mKK
<∼
(
140× 64pi2 pi
3
vM5
)1/8
= 4.2
(
pi3
vM5
)1/8
. (3.10)
If we had chosen cmax in the range 10 to 1000, the coefficient 4.2 could vary from 3.0
to 5.3. Thus the only way to achieve a large hierarchy given the empty universe bound
is to make the internal space small in units of the AdS radius.
Next we consider the bound from the β-function constraints from perturbativity of
SM gauge couplings beyond the TeV scale. We will demonstrate this explicitly in this
example. We start with the DBI action of the D7 brane
SDBI = −τ7
∫
d8σ tr
√
−det(Gαβ + 2piα′Fαβ) (3.11)
– 10 –
where τ7 = 1/(gs(2pi)
7l8s), which leads to kinetic term
1
Lkin = − 1
2g27
∫
trF 2, g27 = 2gs(2pi)
5l4s . (3.12)
After integrating over the 3D submanifold M3 which the D7 brane wraps around, we
obtain the 5-D gauge coupling
RAdS
g25
= RAdS × VolM3
g27
=
vM3
2pi2
2pi2
2gs(2pi)5
(
RAdS
ls
)4
, (3.13)
where vM3 is the volume of M3 in units of R
3
AdS. This implies that
bCFT = 8pi
2RAdS
g25
=
vM3
2pi2
(
RAdS
ls
)4
1
4pigs
. (3.14)
This is a general result depending only on geometry, which can also be used in other
compactifications. Now, using eq. 3.7 to specialize to the case of N D3-branes on a
cone over an Einstein manifold, we find:
bCFT =
vM3
2pi2
pi3
vM5
N. (3.15)
This is consistent with expectations that bCFT ∼ N , since the matter charged under
the global symmetry is a bifundamental of the global symmetry group and the SU(N)
gauge theory dual to our AdS space. In particular, for the Karch-Katz example of D7
branes wrapping an S3 ⊂ S5, we find bCFT = N , as expected for flavor hypermultiplets.
Using Eq. 3.14, we find:
mstr
mKK
<∼
(
4pigs
2pi2
vM3
(
8pi2
g2(ΛTeV)
1
log(ΛUV/ΛTeV)
+
10
3
))1/4
<∼ 3.3
(
gs
2pi2
vM3
)1/4
,(3.16)
where we have used Eq. 2.3 for numerical concreteness in the last step. Notice that
this bound depends only on the volume of the cycle wrapped by the D7-brane, and not
on vM5 ; indeed, we did not use eq. 3.7 at all.
One possible way of getting a large ratio of mstr/mKK is having vM3 to be para-
metrically smaller than the volume of an S3 with radius RAdS.
1Note that because we consider a nonabelian gauge group (namely SU(2)L), there is a factor of 1/2
arising from the trace over gauge indices that is not present in the abelian case.
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3.3 The Klebanov-Strassler Cascading Geometry
We have been discussing AdS spaces, imagining that we simply truncate them as in
RS to obtain a “hard wall” model of confinement (which may be a particularly good
approximation for theories in which confinement is driven by a relevant operator [39]).
Spaces that solve the hierarchy problem, however, will tend to have geometries that
are cut off in a more gentle way, since we expect that they involve marginal or nearly-
marginal operators. The canonical example of a string construction of such a theory
is the Klebanov-Strassler geometry [7, 40], in which the number of degrees of freedom
runs logarithmically with energy scale until the tip of the throat. The topology of
the internal dimensions of KS is S2 × S3, with the S2 shrinking to zero size at the
end of the throat. One might wonder if, because the geometry near the end of the
throat resembles a compactification on S3, the scaling of various quantities will be very
different from the AdS5 ×X5 examples we have discussed.
The K-S geometry is dual to an N = 1 SU(N + M)×SU(N) gauge theory with
bifundamentals A1,2, antibifundamentals B1,2, and a superpotential λ detr,u(ArBu) pre-
serving an SU(2)×SU(2)×U(1) global symmetry. This theory exhibits a sequence of
Seiberg dualities N → N −M which reduce the number of degrees of freedom. Corre-
spondingly on the gravity side there is a running AdS radius:
R4(r) =
81
8
(gsM)
2α′2 log(r/rs). (3.17)
Here rs is the coordinate at the tip of the throat. There are M units of 3-form flux on
the S3, which is constant throughout the geometry, while the amount of 5-form flux
and of B-field flux on the S2 scale as log(r/rs). Relative to the theory on AdS5 × S5,
the main change in scaling relations is that N has been replaced with a quantity
∼ gsM2 log(r/rs). Here M is related to the number of degrees of freedom in the deep IR,
where the theory becomes simply an SU(M) gauge group that confines and generates
a mass gap. We can think of gsM
2 log(r/rs) as a slowly-running N(r) analogous to the
value of N for AdS5×S5. It determines the (slowly running) central charge, as well as
the mass of string states relative to the AdS curvature radius, in the same manner as N .
The cosmological argument regarding phase transitions bounds the value of N(r) near
the tip of the throat. A more detailed calculation, as we noted earlier, was performed
in Ref. [34] for the Klebanov-Tseytlin throat.
The Landau pole argument, on the other hand, reflects an integrated number of
degrees of freedom over some region in the throat. Flavor symmetries can be obtained
by adding D7 branes in the Klebanov-Strassler throat, and solutions have been found
for backreacting smeared flavor branes [41]. For our purposes, it is enough to consider
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probe branes, and to simply use an approximate metric:
ds2 =
(
R(z)2
z2
)(
ηµνdx
µdxν + dz2
)
+R(z)2dΩ2, (3.18)
with dΩ2 the metric on T 1,1. Because the D7 branes wrap three internal dimensions,
we will have an important factor of R(z)3 in the beta function calculation:∫
d4xdz
√
gVol(Σ)gµρgνσFµνFρσ ∼
∫
d4xdz
(
R(z)
z
)
R(z)3FµνFρσ, (3.19)
which is precisely what is needed to find the expected power R(z)4 ∼ N(z) scaling
with the running number of degrees of freedom. Thus, unlike RS, for which we observe
logarithmic running of the beta function, in the KS case we have log2-running, i.e.,
bCFT itself grows logarithmically with energy scale. Thus, up to order-one factors, in
the KS case all arguments are exactly as they were in AdS5×S5, but with N corrected
to a running N(r). The ratio of the mass of 4d string and KK states is determined by
R(r)/ls at the bottom of the throat, so the cosmological bound translates essentially
exactly as in AdS5 × S5. The Landau pole bound can be thought of as bounding bCFT
in the middle of the throat (i.e. at
√
ΛTeVΛUV).
3.4 Orbifolds and Yp,q
So far we have considered spaces in which all internal dimensions are of roughly the
same size as the AdS radius. Since spaces in which vM5 is much smaller than R
5
AdS
may lead to larger values of mstr/mKK , we now investigate the cases in which some
internal dimensions are taken to be much smaller than others. The first such examples
are orbifolds, which inherit their properties in a direct way from AdS5×S5 [42]. We can
view the 5-sphere as a circle fibered over CP2. A freely acting discrete group Zk rotates
the circle fiber, so we can take a quotient and obtain a smooth space AdS5 × S5/Zk.
The internal space still has radius RAdS in four directions, but along the fiber direction
its radius has been reduced to RAdS/k. The corresponding dual is an SU(n)
k quiver
gauge theory (with N = nk). Because the AdS directions are unchanged by the orbifold
operation, the ratio of 4d masses mstr/mKK still obeys Eq. 3.5. However, the internal
volume is smaller, so both the central charge and bCFT for a D7-brane wrapped on
the small cycle are smaller, and we have loosened the bound at no cost! However, for
the construction to make sense in string theory, the identified points cannot lie closer
together than the string scale. Hence, k < N1/4. Our bounds on N were of order 10,
so we can shrink the number of degrees of freedom by a factor k ∼ 2. Since an even
smaller power of this will enter the ratio mstr/mKK, orbifolding can only change this
ratio by a very limited amount.
– 13 –
Another important constraint for realistic models constructed on this background
can be obtained by considering the nonperturbative instability in this theory [43]. This
instability is similar to the original “bubble of nothing” instability of the Kaluza-Klein
vacuum, arising from solutions in which the circle fiber shrinks to zero size at the edge
of a bubble [44]. Despite this instability, similar orbifolds have been discussed as a
source of stable non-supersymmetric RS-like spaces in string theory, because if such a
throat is embedded in a Calabi-Yau, the lifetime of the space can be longer than the
age of our universe [16]. However, the decay width goes as Γ ∼ k9Λ4UV exp
(
−N2
k8
)
, so
that if we approach the limit k ∼ N1/4, the entire space would very rapidly decay. Thus
in this case, a stronger condition k  N1/4 is not merely necessary for a controlled
theory; it is necessary for the very existence of the theory.
Next, we consider another example in which one internal dimension is much smaller
than the others. These are the Yp,q spaces, where p and q are integer labels [45].
The topology of the internal space in this family of solutions is S2 × S3, with metric
depending on p and q. Like the Klebanov-Witten geometry, the Yp,q spaces can be
used as the basis for a cascading geometry analogous to Klebanov-Strassler [46]. The
volume of the S2 × S3 in a Yp,q is given by:
vYp,q =
pi3q2
(
2p+
√
4p2 − 3q2
)
3p2
(
3q2 − 2p2 + p√4p2 − 3q2) = 16pi
3
27p
− 2pi
3q2
27p3
+O(p−4), (3.20)
where in the last step we have taken the limit p  q. This limit produces a small-
volume, anisotropic internal space, and by taking it we might hope to push string states
toward heavier scales. However, it turns out that the Yp,q spaces have a geometry that
is, for our purposes, similar to that of the orbifolds. In particular, the five-dimensional
geometry can be viewed as a circle bundle over S2 × S2, and in the limit p  q
when the overall volume is ∼ 1/p, the circle fiber direction has length of order 1/p
and the other directions have length of order one (in units of RAdS). Then, just as in
the orbifold example, requiring that the circle is larger than the string scale implies
that p < (gsN)
1/4, providing a limit to how much one can shrink the geometry while
consistently using a IIB string description.
3.5 Small internal dimensions through tuning
Recently Polchinski and Silverstein have given F-theoretic constructions of AdS spaces
with fairly small internal dimensions [47]. F-theory is essentially just type IIB string
theory with D7 branes; the use of D7 branes to construct small internal dimensions
is motivated by the observation that they can help to cancel curvature terms. D7
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branes lead to gauge fields in the bulk of AdS, which correspond to global symmetries
in the dual theory. To have a theory of electroweak symmetry breaking, we need some
of the global symmetries of the strongly-interacting sector to be weakly gauged by the
Standard Model electroweak gauge group. Therefore, D7 branes could be natural ingre-
dients if one is seeking a phenomenological model. Thus, the Polchinski-Silverstein con-
structions look like a promising starting point for the pursuit of Randall-Sundrum-like
models in string theory. We proceed to make a simple estimate of the ratio mstr/mKK
in this setup.
The D7 branes allow one to tune a curvature term in the potential that normally
would be of order 1/R2, for a radius R of some internal directions, to be of size only
/R2, with   1. In the particular AdS5 construction of Ref. [47], there are three
separate length scales:
Rf ∼ RAdS, R ∼ 1/2RAdS, R4AdS ∼
N
3
l4s , (3.21)
where Rf and R are, respectively, the sizes of a special fibered direction and the re-
maining 4 directions of the internal manifold. The last relation is parametrically the
same as Eq. 3.7. Much as in the simpler orbifold case, there is a limit to how small
we can shrink the internal dimensions. Requiring that the smallest length scale in the
construction is above the string length, we find that  >∼ 1/N .
For the cosmological bound, we use vM5/vS5 ∼ 3. If we set  ∼ 1/N , then we have
c ∼ N2−3 ∼ N5<∼ cmax = 140 (from Eq. 2.8) and RAdS/ls ∼ N . Thus we have:
mstr
mKK
∼ N ∼ c1/5max = 2.7. (3.22)
This is to be contrasted with the scaling ∼ c1/8max = 1.8 in the AdS5 × S5 case. We see
that only a very mild tuning is allowed by the constraints. While the scaling of c is
somewhat milder, it does not lead to a significant enhancement of the mass hierarchy.
Next we consider the Landau pole bound. We have vM3/(2pi
2) ∼ n where n = 3/2
if the 3-dimensional submanifold the D7 brane wraps around has VolM3 ∝ R3, and
n = 2 if M3 includes the dimension with size Rf . (The D7-branes that are intrinsically
present in the Polchinski-Silverstein F-theory construction wrap the fiber and so have
n = 2. The case n = 3/2 only makes sense if one can consider probe branes with small
backreaction; since N is bounded, this seems unlikely to be realizable.) Then we have:
bCFT ∼ nN
3
(3.23)
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Taking  as small as possible, i.e.  ∼ N−1, we then have bCFT ∼ N4−n and RAdS ∼ Nls.
Thus our bound is:
mstr
mKK
≤
(
8pi2
g2(m2Z)
1
log(Λ2UV/Λ
2
TeV)
+
10
3
) 1
4−n
, (3.24)
where the exponent 1/(4−n) is 1/2 if M3 wraps the circle fiber (as we expect in the F-
theory construction) and 2/5 if not, to be contrasted with 1/4 in the simplest example
of AdS5 × S5. Again, the enhancement of the mass hierarchy is not significant.
3.6 Scales in D4-brane Theories
We see from Eq. 3.3 that we can change the fractional power in the ratio mstr/mKK by
changing the number of internal dimensions. One family of examples includes theories
on D4 branes. Such theories, compactified on a circle with SUSY-breaking boundary
conditions, give IR dynamics that is thought to be in the same universality class as
pure Yang-Mills [29]. D8 flavor branes can be added in the bulk to give rise to quarks,
giving a QCD-like theory [48, 49]. In these theories, the relation is R3AdS = pigsNl
3
s .
The difference from Eq. 3.5 results from the fact that we are only compactifying down
to 6D (before we compactify on the final circle, which lives in the boundary theory and
so is of qualitatively different character).
The evaluation of β-function here is somewhat more involved since the dilaton is
not constant along the warped direction in these theories. The full details have been
worked out in Refs. [48, 49]. We will just quote relevant results here. The DBI action
of a D8 brane in this backrgound is
SD8 = −τ ′8
∫
d4x
∫ zUV
−zUV
dz
(
RAdS
4Uz
FµνF
µν + ...
)
+O(F 3), (3.25)
with
Uz ≡ UKK
(
1 +
z2
U2KK
)1/3
(3.26)
τ ′8 =
1
54pi3
MKKN
1
l2s
. (3.27)
UKK parameterizes the size of the AdS throat. RS1 = M
−1
KK is the size of the circle that
the D4 branes wrap around. We have UKK ∼ M−1KK ∼ RAdS with a choice M2KK l2s =
9
2
(g2YMN)
−1 [49]. The weakly coupled SM gauge bosons correspond to modes with
Aµ(x, z → zUV) → 1. Performing the z integral, we obtain an estimate for the 4D
effective gauge coupling
1
g24
∼ 1
9pi2
τ ′8R
3
AdS
(
zUV
UKK
)1/3
. (3.28)
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Therefore, using N = (pigs)
−1(RAdS/ls)3, we estimate
mstr
mKK
∼
[
54pi4
gs
g24
(
UKK
zUV
)1/3]1/5
. (3.29)
Although the “techniquarks” of this theory live on the 3+1 dimensional intersection of
D4 and D8 branes, they couple to 4+1 dimensional gluons, and cause the running of the
gauge coupling to be power-law rather than logarithmic above the KK scale. While the
interpretation changes, and it may not make sense to discuss the value of a 4d gauge
coupling in the UV, it is clear that the running is much stronger in this theory and
the bound on bCFT is not ameliorated. Models of compositeness built on such theories
would be, in a loose sense, RS × UED. (The TeV extra dimensions are not quite UED,
as only a subset of the modes propagate in them; in particular, the SM gauge boson
KK modes live on the D8 branes which are localized on the circle.) Such theories have
been discussed from a phenomenological viewpoint in Refs. [50, 51, 52, 53].
The Sakai-Sugimoto model can be generalized by placing the D8 branes at a sepa-
ration L RS1 on the circle the D4 branes are compactified on [54]. The confinement
scale will always be of order MKK , but in this case the D8 and D8 branes will meet
at U  UKK , so chiral symmetry breaking occurs at an energy scale well above the
confinement scale. Because the chiral symmetry breaking effect is what sets the W
and Z masses for electroweak symmetry breaking, this would be a theory with a light
glue sector that is only probed by electroweak-scale physics. In other words, it gives an
example of a “hidden valley” [55]. (In some ways such a scenario could resemble the
physics of quirks [56] and of the pure-glue hidden valley [57], although the glue here is
five-dimensional and involves additional modes associated with the S4.)
The finite-temperature behavior of the Sakai-Sugimoto background is not so dif-
ferent from that of RS as discussed in Section 2.2, with a black-hole solution that
dominates for T > 1
2piRS1
in a first-order deconfinement transition [58]. Thus, regard-
less of which limit we are in, the cosmology suggests a bound on the total number of
degrees of freedom. In the quirk-like limit, with the deconfinement transition occurring
at a scale below the electroweak phase transition, the constraint becomes even more
difficult to avoid.
3.7 M5-brane Theories
Recently it has been observed that theories built on M5 branes may avoid the Landau-
pole constraint [26]. The reason is simply that in M theory the brane action does not
carry the factor of 1/gs that gives the scaling with N of the beta-function contribution
from a flavor D-brane in the constructions we have been discussing. In particular, it
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was suggested that a global symmetry could arise from M5 branes wrapping AdS5×S1,
with coupling of order RAdS/RS1 . A stabilization with the circle radius of order the
AdS radius would give only an order-one contribution to the beta function. The known
theories along these lines are N = 2 4d SCFTs that can be realized by compactifying
6d (0,2) SCFTs on Riemann surfaces [59], so constructing a Klebanov-Strassler-like
modification is an open problem.
However, assuming such a construction is possible, a phenomenological application
of such theories would still run into the first-order phase transition argument of section
2.2. In fact, for such M-theoretic constructions, the constraint is likely to be stronger,
because the total number of degrees of freedom scales as N3, not as N2. Thus, it
appears that even N ∼ 10 would run into a sharp phenomenological difficulty, albeit
one that might be avoided with a low reheating scale.
In an M5-brane theory, the nonperturbative objects are M2 and M5 branes, and
there are no strings, so the question of the mass scale of stringy resonances is somewhat
complicated. However, if the geometry contains a circle on which we can wrap an M2
brane, which is extended in another direction, one can view this as a stringy state.
(If the theory exhibits confinement, we expect that some sort of flux-tube-like state is
present; this seems to be the most natural way to find such a state.) The M2-brane
tension scales as M3Pl, so the string tension of an M2-brane wrapped on a circle of
radius RAdS is RAdSM
3
Pl ≈ N1/3M2Pl, using the relationship RAdS ∼ N1/3M−1Pl . (This
arises when all internal dimensions are parametrically the same size, of order RAdS.)
Thus the string mass scale is N1/6MPl, to be compared to the inverse curvature radius
R−1AdS ∼ N−1/3MPl. From this we see that the string / KK mode hierarchy in such a
model could be of order RAdS/ls ∼ N1/2. In particular, Gaiotto and Maldacena discuss
a class of theories on genus g surfaces with c = N
3
3
(g − 1). Taking g = 2 and applying
the bound (2.8), we find that RAdS/ls ∼ N1/2<∼ 2.7. While a detailed exploration of
whether interesting confining backgrounds arise in M5-brane theories would no doubt
be interesting, these crude estimates suggest that avoiding the empty universe problem
would constrain such theories just as much as those arising from string theory.
3.8 Weak gravity and hypothetical examples
The weak gravity conjecture gives a lower bound on the volume of the internal manifold
[60]:
Vold>∼ gsRAdSld−1s . (3.30)
It shows as a proof of principle that it is nontrivial to avoid having large internal
dimensions. We know no examples that saturate it. In fact, most examples satisfy it
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with an additional large N factor. Typically, one term in the potential that stabilizes
internal dimensions is a flux factor of order g2sN
2
flux/Vol
2
d (Nflux = N), measured in
string units. Without fine-tuning, all terms in the potential are typically of the same
order at the minimum, where the value of the potential must be the cosmological
constant −20/R2AdS. Setting these terms to be of the same order, we obtain Vold ∼
gsNfluxRAdSl
d−1
s , safely above the bound by a factor of Nflux which must be large for
calculability.
Because the volume of the internal manifold is directly related to the central
charge, we can ask what a hypothetical example saturating (3.30) would imply for
our bounds. In such an example, we would have vM5 = Vol5R
−5
AdS ∼ gs (ls/RAdS)4,
and thus csat ∼ (RAdS/ls)4 is of order the square root of its value in a theory with all
internal dimensions of size RAdS. Using the cosmology bound conservatively, this could
allow mstr
mKK
<∼ (16pi2 × 140)1/4 ≈ 12. The bCFT bound is similarly weakened. If we take
vM3
2pi2
∼
(
ls
RAdS
)3
(i.e. wrap three string-scale internal dimensions), then the bound from
equation 3.16 is mstr
mKK
<∼ 4pi× 10 ≈ 120. If we take M3 to wrap two dimensions of radius
ls and one of radius RAdS, the bound is
mstr
mKK
<∼
√
40pi ≈ 11. None of these numbers
should be taken very seriously, as we have no construction of a theory that saturates
the weak gravity bound. Unlike in earlier examples, we are now dealing with large
enough powers of c and bCFT that factors of 2 and pi are very important, and where
these factors go is pure guesswork. Optimistically, one might view this as a challenge
for string model-builders: perhaps an example exists which saturates the weak gravity
bound, is at low enough curvature to be under calculational control, and has factors
of pi in opportune places to allow a hierarchy mstr  mKK. We know of no general
counterargument, but any such example would involve a more delicate stabilization
mechanism than simply turning on N units of 5-form flux.
Although we have listed a general internal dimension d in eq. 3.30 and section
3.1, we expect that only critical string theories (or M-theory) will give weakly curved
backgrounds. We could consider a noncritical string, but in this case, the defect in
central charge of the worldsheet theory generically sources string-scale curvature. In
such theories one tends to have no separation at all between RAdS and ls. Nonetheless,
they still obey Vold ∼ gsNfluxRAdSld−1s , because gsNflux ∼ O(1) (see, e.g., [61]).
4. Generic Large-λ Theories And The String Scale
Suppose we have a Randall-Sundrum like theory, but we don’t assume that it comes
from any known string theory. Do we then lose the argument that R4AdS ∼ gsNl4s? In
fact, we still have a route to such an argument. First, we will assume that RS is dual to
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some sort of large ’t Hooft-coupling, confining gauge theory. Now, because the gauge
theory confines, it necessarily contains some sort of string-like flux tubes. (This has
been argued fairly persuasively over the last 30 years [62].) So it makes sense to ask
how heavy these stringy states are. We will use the static quark-antiquark potential as
a proxy for the mass of stringy states.
At short distances, this potential should have some sort of Coulombic behavior.
It has been shown that resumming ladder diagrams of one-gluon exchange, and ex-
trapolating the resulting Bethe-Salpeter equation to large λ, leads to a −√λ/r form
of the potential [63]. (We review this argument in Appendix B.) Extending such a
resummation to a generic confining gauge theory is tricky, but we don’t need to do so
to extract an interesting result. Motivated by the geometric picture of RS, we assume
that short-distance conformal (or nearly conformal) behavior should hold for distances
below the IR wall, r ∼ zIR, so that Vstatic(r) ∼ −
√
λ
r
is approximately reliable. Then
all we need to draw a conclusion about the string scale is the concavity of the static
potential, as proven rigorously by Bachas [64]. At very large r, we expect that, due
to confinement, Vstatic(r) ∼ σr, where σ is a string tension. (We assume the large-N
limit, so screening is not relevant.) Then concavity of the potential tells us that:
σ <∼
√
λ
z2IR
. (4.1)
Now, noting that the mass of a KK mode is mKK ∼ z−1IR , whereas the mass of a string
mode is mstr ∼
√
σ, this tells us exactly that mstr<∼λ1/4mKK.
Thus using only concavity of the static potential, resummation of perturbative dia-
grams, and approximate conformality below the scale mKK of light excitations, we con-
clude that the asymptotic string tension is bounded above by λ1/4mKK. This matches
the known scaling behavior of N = 4 SYM, which appears from quite different geomet-
rical considerations (note that the S5 and its volume and associated fluxes played no
role in the present discussion, for which we did not even assume the existence of a string
theoretic dual!). Resumming perturbative diagrams is, of course, not a rigorous way
to obtain correct information about large-λ theories. But it is reassuring that without
using input from string theory, we are able to obtain the same qualitative conclusion. It
suggests that the results from known string theories could be robust when extrapolated
to other, as yet unknown, strongly coupled gauge theories.
5. Phenomenological implications
The presence of a low string scale will alter the phenomenology of Randall-Sundrum
models in a number of ways. Most obviously, string resonances could be directly pro-
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duced at colliders [18, 19]. Higher-spin particles with the quantum numbers of various
Standard Model states would be expected, as well as higher-spin closed string states
that do not carry Standard Model quantum numbers (but which might e.g. decay to W
and Z bosons). There are also indirect effects of string states on low-energy precision
observables. We turn to this issue now.
5.1 Precision electroweak
As in any technicolor or composite Higgs theory, an important constraint on Randall-
Sundrum models arises from the Peskin-Takeuchi precision electroweak observables,
especially the S and T parameters [65], which precision data prefer to be near zero.
In RS, these parameters are calculable, and in the RS-type model with SM matter
fields on the IR brane (from the dual point of view, they are composite) both S and T
are large and negative [66]. The T parameter problem is easily resolved by requiring
that the bulk gauge group is large enough to contain a custodial symmetry; it is often
taken to be SU(2)L× SU(2)R× U(1)B−L [9]. Because the T parameter is protected by
a symmetry, we expect that provided a stringy completion of RS continues to respect
custodial symmetry (i.e. as long as SU(2)R is a good gauge symmetry in the bulk), the
T parameter is safe.
The S parameter is more dangerous because it is not protected by any symmetry
(apart from SU(2)L× U(1)Y itself). It receives contributions both from the symmetry-
breaking dynamics of the strongly-interacting sector and from effects related to the
couplings of the SM fermions to gauge fields [67, 68]. The result that S < 0 with
SM fermions on the IR brane is driven by the compositeness of the SM fermions.
If fermions are localized on the UV brane, i.e. thought of as external spectators to
the CFT dynamics, then the symmetry-breaking dynamics of the strongly-interacting
sector dominates the contributions to the S parameter and it is positive in all known
calculable models [69, 70]. The only known way to achieve Higgsless RS theories with
an S parameter consistent with the current bounds is “fermion delocalization,” which
requires tuning the bulk mass of the fermion to achieve a profile that is nearly orthogonal
to the gauge boson KK modes [71].
There is a sum rule relating the contribution to S from symmetry-breaking dynam-
ics to the spectrum of vector and axial vector mesons:
S = 4pi
∑
n
(
f 2V,n
m2V,n
− f
2
A,n
m2A,n
)
, (5.1)
where mV (A),n is the mass of the nth vector (axial vector) meson and fV (A),n is the
corresponding decay constant. In RS, the decay constants are computed as f 2nm
2
n =
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RAdS
g25
(
limz→0
∂zφn(z)
z
)2
, where φn(z) is the normalized wavefunction of the nth KK
mode. (In non-RS backgrounds, a similar statement is true, but the 1
z
factor may
be modified and a factor of the volume of internal dimensions may be present.) The
RAdS/g
2
5 scaling shows that S will be proportional to bCFT , i.e. the contribution of
the technicolor sector to the running of SU(2) gauge coupling. The remaining factors
give order-one coefficients that, in the absence of a complete string theory in which
we understand all orders in α′, are not calculable. The asymptotic Euclidean behavior
Π(Q2) ∼ logQ2 implies a scaling limn→∞ f 2n/m2n ∼ 1/n for the resonances, so progres-
sively higher terms in the sum rule will contribute less than the first few resonances.
We expect that the masses and decay constants of the lightest KK resonances will
change only a small amount due to mixing with string states. The contribution from
the string resonances should be similar to that of the higher KK modes. However, we do
not expect that such contributions are negligible. For instance, in a simple RS Higgsless
model, S = 6piRAdS
g25
[69]. The lightest vector and axial KK vector in eq. 5.1 contribute
≈ 3.5piRAdS
g25
, while the second pair contributes a further 0.9piRAdS
g25
. Thus, although the
lightest states contribute most of S, the total S could change by an order-one factor
by altering the spectrum of higher excitations.
What does this imply for the consistency of RS-like models with precision con-
straints? Satisfying precision electroweak constraints in Higgsless RS models already
required a tuning. Positive S from electroweak symmetry breaking was canceled by
negative contributions from the fermion couplings. Stringy physics will alter the calcu-
lations in ways that we can’t compute, but the upshot of this should be that a different
choice of fermion bulk mass will be “ideally delocalized” and lead to small S. Such a
change in the preferred bulk mass may even be desirable, from the dual point of view.
In the dual, elementary fermions mix with composite fermionic operators with the same
quantum numbers, as in the Kaplan mechanism [72], and tuning S → 0 requires that
the composite operators have particular dimensions. The original Higgsless models
prefer a nearly-flat bulk profile, which corresponds to a composite fermionic operator
Ψ either of dimension 3/2, or of dimension 5/2 and coupling to an elementary fermion
[73]. The former is at the unitarity bound and not a plausible dimension for an opera-
tor in a strongly-coupled gauge theory, unless anomaly-matching forced the theory to
generate massless bound states. The latter is potentially viable, with its interpretation
as a small or large anomalous dimension depending on the operator content of the
underlying theory (for instance, for an operator of the form tr(φψ), it would coincide
with the engineering dimension, which would be a surprise in a strongly-coupled CFT).
An alternative approach to fermion masses would be to avoid composite operators with
the same quantum numbers and instead attempt to holographically realize extended
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technicolor. This approach was pursued in the D4-D8 construction of Ref. [51], with
SM fermions living at the intersection of the D8 branes and another set of flavor D4
branes. The location of the flavor branes appears to play a similar role to delocaliza-
tion, allowing a tuning of fermion couplings to cancel the S parameter. To summarize,
stringy corrections will induce order-one corrections and alter the tunings needed to
achieve consistency with experiment, but will not change the viability of the calculable
effective theories.
In theories that are not in the Higgsless limit, but have a composite Higgs (pseudo-
Goldstone or not), the remarks we make here about tuning fermion masses to cancel S
are less relevant, because the contributions of the sum rule 5.1 to S are v2/m2KK sup-
pressed. Such models can have a more interesting flavor structure because the fermion
masses are not tightly constrained by cancellation of S.1 Similar remarks apply: flavor
violation generically occurs in RS theories through couplings to KK modes. Any of
the various proposals for suppressing couplings of elementary fermions to these com-
posite states to protect flavor should also be expected to suppress couplings to the
stringy states. The string states will give quantitative, but not qualitative, corrections
to conclusions about the viability of the theory in the face of precision flavor data.
5.2 Probing Stringy states at colliders
One of the most interesting possibilities to consider is the direct production of stringy
states at colliders. Studies of probing TeV scale fundamental string states in other
scenarios at colliders have been conducted [75]. QCD-like string states in the RS
scenario provide a new possibility with distinct phenomenology.
A schematic drawing of the spectrum of some of the lower lying states is shown in
Figure 2. As we have already emphasized, the precise spectrum of string states in this
background is not known. Therefore, although we expect they are not much heavier
than the KK modes, we can not predict exactly their mass scales. We do expect there
are higher spin modes with spin going up with mass, similar to the Regge behavior
(J ∼ m2) of the QCD resonances.
Depending on the structure of the theory, stringy excitations of different particles
might or might not exist. Bulk modes like gravitons are universally present, and there
will corresponding higher-spin excited closed string states. These are the “glueballs”
of the strong sector and will be most relevant at colliders if SM states are compos-
ite; for instance, if the top quark is largely composite, such states may be produced
in association with tops 2. Any technicolor-like theory will have a set of resonances
1Flavor in RS is an active field; see [74] for an incomplete list of work that might serve as a starting
point for the literature.
2The study of this signature based on KK gravitons has been carried out [76].
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Figure 2: A schematic drawing of the spectrum of lower lying states in the RS scenario.
Both the KK modes and string excitations are shown. We have also displayed some of the
possible spins of KK resonances and of the string states. Although we have only shown a
tower of KK and string resonances on top of each Standard Model state, there can of course
be multiple towers with somewhat different masses. Whether there should be KK and string
excitations for the Standard Model fermions is model dependent. Note that since the exact
spectrum of the string states in this background is not known, both the absolute scale of the
string states and splitting between them can only be interpreted as schematic.
associated with the SU(2)L×U(1)Y global symmetries (or enlarged SU(2)R global sym-
metry), which can be thought of as stringy resonances of the W and Z bosons and the
photon. The lighest new states might be expected to be spin-2 W , Z, and photons
[19], and one might see processes like a spin-2 W± decaying to W± + γ or a photon
plus a Kaluza-Klein W . Most excitations will be out of reach of the LHC, but given
a sufficiently powerful collider, a new spectroscopy would open up, reviving the era of
partial-wave analyses, Dalitz plots, and other tools familiar from the time when new
QCD resonances were discovered frequently.
Other features of the spectrum are more dependent on model-building details. If
fermion masses are addressed by the Kaplan mechanism, so that the strong sector has
operators with the quantum numbers of Standard Model fermions, these will also have
stringy excitations, and in particular the spin-3/2 top quark may be an interesting
signature [18]. On the other hand, an extended technicolor approach to fermion masses
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would lack such excitations, since the SM fermions would then be purely elementary
particles. Kaluza-Klein modes on internal dimensions will generically exist, but are
only guaranteed for the closed string states. If open-string states like the W and Z
live on flavor branes that wrap internal cycles, then they will have KK modes on those
cycles as well. Such states would complicate the spectroscopy, but the distinguishing
feature of a string state versus a KK state is that high spin is available.
Optimistically, one could hope that discovering a few resonances at the LHC would
be incentive enough to build an even higher energy collider. At yet higher energies,
where the resonances begin to smear out into a continuum, the interesting question
is whether partonic behavior of the strong sector will be visible. The most important
distinguishing feature of large ’t Hooft coupling physics, as opposed to small ’t Hooft
coupling physics, is that partons are never visible. One way to think about this is that
partonic branching is so strong, due to the large coupling, that one can never probe
an individual parton without it splitting into a large number of soft, small-x partons.
Hadrons at large λ are bags of soft muck [77, 78]. If Randall-Sundrum constructions
could be made phenomenologically viable with a large separation between KK and
string scales, this would be the physics at a post-LHC collider. But because, as we
have seen, the string states are relatively light, one should expect that partonic physics
still applies. This might mean that the physics at high energies is QCD-like, with
asymptotic freedom or at least asymptotic conformal behavior with small λ. But the
bounds are not quite so strong, and perhaps the most interesting outcome (from the
perspective of learning about strong dynamics) would be a nearly-conformal theory
with λ of order 1 (or order 4pi) at higher energies: not so small that jetty, QCD-like
physics applies, and not so large that spherical events and dual AdS geometry (as in
Ref. [17, 79]) apply. All we know about physics in this regime is speculative [17].
6. Discussion
In this paper, we have studied the string states in theories of electroweak symmetry
breaking in the Randall-Sundrum scenario. In particular, we have discussed constraints
on the string scale arising from embedding in string theory. By investigating a set of
string theory compactifications with warped throats, and imposing phenomenological
constraints, we argued that the string states cannot be much heavier than the KK
modes. The presence of such light string states, in addition to the often considered KK
resonances, can alter the low energy phenomenology significantly, including new signals
at colliders and new contributions to electroweak and flavor obervables. Although we
have focused on RS with SM gauge fields in the bulk, the constraints we have considered
– 25 –
can apply to more general RS constructions of strongly-coupled physics. RS hidden
sectors could have similar cosmological constraints, for example.
Any real string construction of RS would also face a number of challenges we haven’t
discussed, including understanding stability of non-supersymmetric backgrounds and
avoiding singlet relevant operators that would prevent the theory from solving the
hierarchy problem [15, 16]. Our bounds suggest that these problems must be solved in
a regime where α′ corrections are important, if they are to yield phenomenologically
viable solutions. An interesting challenge would be to try to construct a background
that saturates the weak gravity bound, having the smallest possible internal dimensions.
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A. Relating 5D and 4D Masses
We have claimed that the ratio of masses of four-dimensional string and KK mode
states is related to the ratio of the bulk AdS curvature radius and string length:
mstr
mKK
=
RAdS
ls
. (A.1)
In this appendix we review the basic facts about holography that lead to this relation.
In the bulk, masses of states, measured in units of the AdS curvature radius, are related
to the dimensions of operators in the boundary theory. For instance, in AdS5, a scalar
dual to an operator of dimension ∆ has mass-squared m2R2AdS = ∆(∆−4). Bulk string
states correspond to operators that have very large dimension in the boundary.
To compute masses of 4d resonances, we work with the Randall-Sundrum back-
ground, although the result will be general. We take the metric to be AdS5 truncated
at an IR wall:
ds2 =
(
RAdS
z
2)(
ηµνdx
µdxν + dz2
)
, 0 ≤ z ≤ zIR. (A.2)
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(We may take a UV boundary condition zUV ≤ z, but for describing just a strongly-
coupled sector not coupled to elementary fields or gravity, we can send zUV → 0.) For a
scalar field of bulk mass m5, we solve for 4D modes with the ansatz φ(x, z) = e
iq·xϕ(z):
∂z
((
RAdS
z
)3
∂zϕ(z)
)
+ q2
(
RAdS
z
)3
ϕ(z)−m25
(
RAdS
z
)5
ϕ(z) = 0. (A.3)
The normalizable solutions (at z → 0) are ϕ(z) = c0z2Jν(qz) with ν =
√
4 +m25R
2
AdS =
|∆− 2|. The masses of modes will be determined by a boundary condition at z = zIR;
for convenience, let us take a Dirichlet boundary condition ϕ(zIR) = 0.
For the states we refer to as “KK modes,” ∆ ∼ O(1) and the bulk mass m5 ∼
O(R−1AdS). (If we were working with a gauge boson rather than a scalar, for instance, we
could have a conserved current with ∆ = 3 and m5 = 0, whereas a scalar of dimension
3 has m25 = −3R−2AdS.) When ∆ ∼ O(1), the masses of the light KK modes are of order
z−1IR ; for instance, if we take ν = 1, then the first zero is at m4d = 3.83z
−1
IR .
For string states, however, we have very massive bulk fields, m5RAdS ∼ RAdSls  1.
In this case, ν  1 and the smallest root of the Bessel function is [80]:
m4d ≈
(
ν + 1.856ν1/3 +O(1)) z−1IR . (A.4)
Thus we see that for large values of m5RAdS, or equivalently large operator dimensions
∆, the mass of the lightest 4d state created by the operator is of the order ∆ × z−1IR .
In particular, the ratio of 4d masses of the lightest modes created by two operators
is of the same order as the ratio of bulk masses of the fields corresponding to those
operators. This establishes equation A.1.
It isn’t obvious that solving the two-derivative action for a very heavy field should
be a good approximation to masses of excited string states. However, one can find the
same result by imagining the behavior of a long, semiclassical excited string state in
the bulk. Such a string will fall to the “bottom” of the AdS geometry and hit the wall
at z = zIR, where it will correspond to a 4d state with mass given by the warped-down
string scale at the wall. This scaling also reproduces equation A.1, and the consistency
of the two viewpoints gives us confidence that this scaling is completely generic.
B. Resummation
We briefly review the resummation argument of Ref. [63], the applicability of which to
non-susy, QCD-like theories was recenty discussed in Ref [81]. This argument computes
an approximate strong-coupling potential Vstatic(r) in the short-distance, conformal
regime. We choose Feynman gauge, with a gluon propagator Dµν(x) = ηµν
αs
x2
. We
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begin with a Wilson loop giving the static potential between two quarks separated by
a distance L; specifically, we consider a trapezoidal Wilson loop with (Euclidean time)
edges of length T1 and T2, both much greater than L. Call this Wilson loopW (T1, T2;L).
The potential we are interested in is given by Vstatic(L) = − limT→∞ 1T logW (T, T ;L).
Resumming one-gluon exchanges between the two temporal legs gives a simple Dyson
equation for the integral:
W (T1, T2;L) = 1 +
∫ T1
0
dt1
∫ T2
0
dt2W (t1, t2;L)
λ
4pi2 (L2 + (t1 − t2)2) , (B.1)
with boundary conditions W (0, T ;L) = W (T, 0;L) = 1. This integral equation can be
converted into a differential equation ∂T1∂T2W (T1, T2;L) =
λ
4pi2(L2+(T1−T2)2)W (T1, T2;L).
This equation is separable and one can find that
Vstatic(r) = −Ω0
r
, (B.2)
where Ω0 is the ground-state solution to a Schro¨dinger equation(
− d
2
dx2
− λ
4pi2(x2 + 1)
)
ψ(x) = −Ω
2
0
4
ψ(x). (B.3)
The full derivation and further discussion may be found in Refs. [63, 81]. When λ is
large, the potential term is large over a range of x <
√
λ, and one may approximate
Ω0 by solving the equation expanded around x = 0, so the solution resembles a simple
harmonic oscillator with Ω0 =
√
λ
pi
. In the opposite limit, λ  1, the potential term is
small for any x, and can be modeled as a δ-function spike at x = 0, giving Ω0 =
λ
4pi
.
This was the remarkable result of Ref. [63], that summing up ladder diagrams gives
the correct qualitative behavior, with a potential interpolating between Vstatic(r) ∼ −λr
at small coupling and ∼ −
√
λ
r
at strong coupling. (For circular Wilson loops, Ref. [82]
argued that such a resummation gives an exact answer for N = 4 SYM.)
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